INTRODUCTION
The mechanisms of Fe(III) and Mn(IV) oxide reduction in Geobacter species are of interest because dissimilatory Fe(III) and Mn(IV) reduction has an important impact on the biogeochemistry of a diversity of anaerobic soils and sediments (Lovley, 1995; Lovley et al., 2004) , and Geobacter species are typically the most abundant Fe(III)-and Mn(IV)-reducing micro-organisms in such environments . A number of physiological factors may favour the growth of Geobacter species in Fe(III)-reducing environments Mahadevan et al., 2011) . These include: (1) low maintenance energy demands (Lin et al., 2009) ; (2) the ability to oxidize organic compounds completely to carbon dioxide with Fe(III) or Mn(IV) as the electron acceptor, including acetate, the primary intermediate in anaerobic metabolism of organic matter (Elifantz et al., 2010; Lovley & Phillips, 1986; Risso et al.,et al., 2004; Mouser et al., 2009) ; (5) the capacity for rapid anaerobic growth (Zhuang et al., 2011) ; and (6) the ability to utilize alternative electron acceptors . However, the primary selective advantage of Geobacter species is likely to be their apparently unique mechanisms for Fe(III) and Mn(IV) reduction (Lovley, 2008) . Rather than rely on the production of soluble electron shuttles or chelators that solubilize Fe(III), Geobacter species directly contact Fe(III) oxides in order to reduce them (Nevin & Lovley, 2000 . They appear to have highly adaptive strategies to locate Fe(III) oxides (Childers et al., 2002) and to maintain cellular metabolism when temporarily not in contact with Fe(III) (Esteve-Nú ñez et al., 2008) .
Current evidence from studies with Geobacter sulfurreducens suggests that the hexahaem c-type cytochrome OmcS (Mehta et al., 2005) performs the terminal electron transfer to Fe(III) oxide . OmcS is localized on the type IV pili of G. sulfurreducens (Leang et al., 2010) that have been shown to exhibit a metal-like conductivity similar to that of organic conducting polymers (Malvankar & Lovley, 2012; Malvankar et al., 2011; Reguera et al., 2005) . It has been postulated that electrons move away from the cell via these conductive pili to OmcS, which then facilitates electron transfer to Fe(III) oxide. A similar model can be envisioned for Mn(IV) oxide because OmcS and pili are also required for Mn(IV) oxide reduction (Mehta et al., 2005; Reguera et al., 2005) .
As with any working model, the model for electron transfer to Fe(III) and Mn(IV) oxides via pili and OmcS needs to be evaluated further. In addition, many questions remain, such as how electrons are transferred to pili. Analysis of differential gene expression has proven to be an effective strategy to identify key components of extracellular electron transfer in G. sulfurreducens. For example, whole-genome microarray comparisons of gene transcript abundance in current-producing biofilms versus biofilms reducing fumarate revealed that the octahaem c-type cytochrome OmcZ was one of the most highly expressed genes in current-producing biofilms . Subsequent gene deletion studies demonstrated that OmcZ was required for effective current production Richter et al., 2009 ) and further characterization demonstrated that OmcZ is an outer surface protein that is specifically localized at the biofilm-anode interface in current-producing biofilms (Inoue et al., 2010 . In a previous study, Fe(III) reduction pathways were investigated by comparing gene expression in G. sulfurreducens growing with Fe(III) chelated with citrate as the electron acceptor and cells growing by fumarate reduction . However, the mechanisms for reduction of insoluble Fe(III) oxides are considered to be significantly different from those for Fe(III) citrate .
Here we present the results of an additional search for components involved in electron transfer to Fe(III) and Mn(IV) oxides. Gene expression patterns in G. sulfurreducens cells grown with amorphous Fe(III) oxyhydroxide, amorphous Mn(IV) oxyhydroxide or Fe(III) citrate as electron acceptors were compared and genes that were highly expressed during growth on Fe(III) and/or Mn(IV) oxides were targeted for genetic studies. This study has resulted in the identification of additional proteins important for effective Fe(III) and Mn(IV) oxide reduction by G. sulfurreducens and should help to elucidate the mechanisms involved in electron transfer to insoluble metal oxides.
METHODS
Bacterial strains and culture conditions. Wild-type strains of G. sulfurreducens, strain DL1 (ATCC 51573), and Geobacter uraniireducens, strain Rf4 (ATCC BAA-1134), were obtained from our laboratory culture collections. Cells were grown under anaerobic conditions in a previously described bicarbonate-buffered, defined medium (Lovley & Phillips, 1988) supplemented with acetate (10 mM) as the electron donor and amorphous Fe(III) oxyhydroxide (100 mM), amorphous Mn(IV) oxyhydroxide (20 mM), fumarate (40 mM), or Fe(III) citrate (55 mM) as the electron acceptor. Cells were incubated at 30 uC in the dark in an atmosphere of N 2 : CO 2 (80 : 20).
Amorphous Fe(III) oxyhydroxide was prepared by dissolving Fe(III) chloride hexahydrate (Sigma-Aldrich) in water, slowly adding sodium hydroxide (Thermo Fisher Scientific) to a stable pH 7, centrifuging the mixture in a Sorvall SLA-3000 rotor at 4225 g for 20 min at 4 uC and repeatedly resuspending the pellet in water and centrifuging it until the supernatant was brownish or red. The Fe(III) oxide gel was resuspended in water to a concentration of approximately 1 M total iron and stored at 4 uC. Total iron concentration was determined by ferrozine assay: 0.1 ml Fe(III) gel suspension was reacted overnight with 4.7 ml 0.5 M hydrochloric acid and 0.2 ml 6.25 M hydroxylamine, then diluted 50-fold in 0.5 M hydrochloric acid prior to assay. Amorphous Mn(IV) oxyhydroxide was prepared by slowly adding a 30 mM aqueous solution of Mn(II) chloride tetrahydrate (Sigma) to an equal volume of 80 mM sodium hydroxide containing 20 mM potassium permanganate (EM Science), allowing a gel to form overnight. This gel was centrifuged at 4225 g for 20 min at 4 uC and resuspended in water a minimum of three times. The final concentration of the Mn(IV) oxide gel suspension was approximately 1 M total manganese.
Analytical techniques. Acetate concentrations were determined with an HP Series 1100 high-pressure liquid chromatograph (Hewlett Packard) with a Fast Acid Analysis column (Bio-Rad laboratories), with an eluent of 8 mM H 2 SO 4 and UV absorbance detection at 210 nm as previously described (Anderson et al., 2003) .
Fe(III) reduction was monitored by measuring the formation of Fe(II) over time with a ferrozine assay in a split-beam dual-detector spectrophotometer (Spectronic Genosys2; Thermo Electron) by A 562 after a one-hour extraction with 0.5 M HCl as previously described (Lovley & Phillips, 1988; Phillips & Lovley, 1987) . Mn(IV) reduction was evaluated qualitatively by the whitening and dispersal of particles that accompanied growth. Growth on Fe(III) oxide and Mn(IV) oxide was evaluated quantitatively by counting acridine-orange-stained cells by fluorescence microscopy on a Nikon Eclipse E600 microscope as previously described (Lovley & Phillips, 1988) .
Extraction of RNA from samples. RNA was prepared from triplicate cultures for all growth conditions, and all solutions used during the RNA extraction process were prepared with diethylpyrocarbonate (DEPC)-treated water (Ambion). Batch cultures (100 ml) were grown with acetate as an electron donor and Fe(III) oxide, Mn(IV) oxide, fumarate or Fe(III) citrate as electron acceptor and harvested during exponential growth. Cells were split into 50 ml conical tubes (BD Biosciences) and pelleted by centrifugation at 3000 g for 15 min. Pellets were immediately frozen in liquid nitrogen and stored at 280 uC.
The pellets were resuspended in 10 ml cold (4 uC) TPE buffer (100 mM Tris/HCl, 10 mM EDTA and 100 mM KH 2 PO 4 ; pH 7.6) and 1 ml aliquots were dispensed into 2 ml screw-cap tubes. A 100 ml volume of Plant RNA Isolation Aid (Ambion) and 1 ml cold acetone (220 uC) were added to the cell suspensions and centrifuged for 5 min at 16 100 g. The supernatant was discarded, 2 ml Superase-In (Ambion) were added and the pellet was resuspended in 1 ml DEPCtreated water. Lysozyme (10 ml; 50 mg ml 21 ), 3 ml proteinase K (20 mg ml 21 ), and 30 ml 10 % SDS were then added to the resuspended pellet and samples were incubated for 10 min at 37 uC. Samples were then centrifuged at 16 100 g for 10 min and the supernatant was transferred to new 2 ml screw-cap tubes. A 50 ml volume of Plant RNA Isolation Aid, 4 ml linear acrylamide (5 mg ml 21 ; Ambion), 600 ml hot acidic phenol (65 uC; pH 4.5) (Ambion), and 400 ml chloroform : isoamyl alcohol (24 : 1; Sigma) were added to the supernatant. These tubes were mixed on a Labquake rotator (Barnestead/Thermolyne) for 10 min and centrifuged at 16 100 g for 5 min. The aqueous layer was removed and transferred to new 2 ml screw-cap tubes, and 600 ml hot acidic (65 uC; pH 4.5) phenol (Ambion) and 400 ml chloroform : isoamyl alcohol (24 : 1; Sigma) were added. Tubes were mixed on a rotator for 5 min and centrifuged at 16 100 g for 10 min. The aqueous layer was removed again and transferred to new tubes, and 100 ml 5 M ammonium acetate (Ambion), 20 ml glycogen (5 mg ml 21 ; Ambion) and 1 ml cold (220 uC) 2-propanol (Sigma) were added.
Nucleic acids were precipitated at 230 uC for 1 h and pelleted by centrifugation at 16 100 g for 30 min. The pellet was cleaned with cold (220 uC) 70 % ethanol, dried and resuspended in sterile DEPCtreated water (Ambion). The resuspended pellets were combined and cleaned with the RNeasy RNA cleanup kit (Qiagen) according to the manufacturer's instructions. The RNA cleanup product was treated with DNA-free DNase (Ambion) according to the manufacturer's instructions.
All RNA samples were checked for integrity by agarose gel electrophoresis and had A 260 : A 280 ratios of 1.8 to 2.0, indicating that they were of high purity (Ausubel et al., 1997) . In order to ensure that RNA samples were not contaminated with DNA, PCR amplification with primers targeting the 16S rRNA gene was conducted on RNA samples that had not undergone reverse transcription.
Microarray analysis. RNA was amplified and labelled for microarray studies as previously described (Postier et al., 2008) . Total RNA (0.5 mg) was amplified using the MessageAmp II-Bacteria kit (Ambion) according to the manufacturer's instructions. Samples (10 mg) of amplified RNA were chemically labelled with either Cy3 dye (for the control or soluble electron acceptor condition) or Cy5 dye (for the experimental or insoluble electron acceptor condition) using the MicroMax ASAP RNA Labeling kit (Perkin Elmer) according to the manufacturer's instructions.
The oligonucleotide microarrays used in this study were Customarray 12K arrays (Combimatrix), and were designed using the genomic sequences of G. sulfurreducens (accession number AE017180.1) and G. uraniireducens (accession number CP000698.1). Multiple oligonucleotide probes (three or four) were analysed for each gene. For each of the six technical replicates in each experiment, a probe was considered valid if its signal intensity was above the average signal from three probes for the recA gene (GSU0145 or Gura_0219) for either the control or the experimental condition. A probe was considered valid for a biological replicate if it was valid for one or both technical replicates thereof. A gene was considered expressed only if at least two probes were valid for at least two biological replicates each.
Results from microarray hybridizations were analysed via LIMMA mixed model algorithms as previously described (Postier et al., 2008; Smyth, 2004; Smyth & Speed, 2003) . Background intensity was subtracted as previously described using standard non-Geobacter gene probes (Postier et al., 2008) . A gene was only considered differentially expressed if at least two probes had P-values less than or equal to 0.01. A complete record of all oligonucleotide sequences used and raw and statistically treated data files is available in the NCBI Gene Expression Omnibus database (GEO data series numbers GSE10920, GSE12874 and GSE42920).
Construction of deletion mutants. The sequences of all primer pairs used for construction of the deletion mutants used in this study are presented in Table S1 (a) available with the online version of this paper. The kanamycin resistance cassette was amplified from pBBR1MCS-2 (Kovach et al., 1995) as previously described (Coppi et al., 2001) . Recombinant PCR and single-step gene replacement were done as previously described . Electroporation, mutant isolation and genotype confirmation using Southern hybridization were also performed as previously described (Coppi et al., 2001) . Table S1b ) were designed from the G. sulfurreducens genome according to the manufacturer's specifications (Applied Biosystems). The specificity of each primer pair was verified by sequencing clone libraries.
Quantification of gene expression by quantitative RT-PCR. The DuraScript enhanced avian RT single strand synthesis kit (SigmaAldrich) was used to generate cDNA from the various mRNA transcripts. Once the appropriate cDNA fragments were generated by RT-PCR, quantitative PCR amplification and detection were performed with the 7500 Real-time PCR System (Applied Biosystems). Optimal quantitative RT-PCR conditions were determined using the manufacturer's guidelines. Each PCR mixture consisted of a total volume of 25 ml and contained 1.5 ml of the appropriate primers (final concentration 250 nM), 5 ng cDNA and 12.5 ml Power SYBR Green PCR Master Mix (Applied Biosystems). Standard curves covering eight orders of magnitude were constructed with serial dilutions of known amounts of purified cDNA quantified with a NanoDrop ND-1000 spectrophotometer by A 260 .
The qPCR efficiency (95 % to 99 %) was calculated based on the slope of the standard curve. All qPCR assays had triplicate biological replicates, each with triplicate technical replicates. Thermal cycling parameters consisted of an activation step at 50 uC for 2 min, a denaturation step at 95 uC for 10 min and 50 cycles at 95 uC for 15 s and 60 uC for 1 min. A dissociation curve was then constructed by increasing the temperature from 60 uC to 95 uC at a ramp rate of 2 %. A single predominant peak was observed in the dissociation curve of each gene, supporting the specificity of the PCR product.
Validation of microarray results with qRT-PCR. Analysis of the transcript abundance of omcS, omcG, ompB and ompC, genes known to be important in Fe(III) and Mn(IV) oxide reduction, confirmed the results of the microarray analysis ( Figure S1 ). A similar analysis with 27 other differentially expressed genes demonstrated a high correlation (R 2 50.81) between the microarray results and those from quantitative RT-PCR ( Figure S2 ). (Gardy et al., 2003) , Tmpred (Hofmann & Stoffel, 1993) (Tables S4 and S5 ). Consistent with slower growth on both insoluble metal oxides, expression levels of housekeeping genes such as gyrB, topA and htpG were slightly lower, but not significantly because expression was below the baseline level, with variances less than 0.05 for the normalized log2 ratios.
Less than half of the genes mentioned above were differentially expressed during growth on both insoluble electron acceptors compared with Fe(III) citrate: 220 upregulated and 140 downregulated genes (Tables S2-S5 ). The majority of these overlapping genes were annotated as coding for hypothetical or unknown proteins and proteins involved in energy metabolism.
Expression of genes previously implicated in Fe(III) and Mn(IV) oxide reduction.
A number of genes that code for proteins that have been previously shown to be important for Fe(III) and/or Mn(IV) reduction were significantly upregulated during growth on these insoluble metal oxides compared with soluble Fe(III) citrate (Table 1 ).
The greatest increases in transcript abundance in cells grown on either Fe(III) or Mn(IV) oxide were for the ctype cytochrome gene omcS (GSU2504) and its homologue omcT (GSU2503), which are co-transcribed in the same operon (Mehta et al., 2005) . In Fe(III) oxide-grown cells, 28.3 times more omcS and 28.3 times more omcT transcripts were detected compared with Fe(III) citrategrown cells; in Mn(IV) oxide-grown cells, levels of omcS and omcT transcripts were 13.8-fold and 52.2-fold higher, respectively ( Table 1) . As noted in the Introduction, previous studies have suggested that OmcS, which is localized along the pili (Leang et al., 2010) , is the terminal Fe(III) and Mn(IV) reductase (Mehta et al., 2005; Qian et al., 2011) . Despite high levels of expression of omcT, OmcT has been reported to be not abundant in the proteome of Fe(III) oxide-grown cells (Ding et al., 2008) . This may be due to the harsh oxalate treatment that was used for protein extraction from Fe(III) oxide, or it may be that translation of omcT mRNA is controlled as is the case for omcB (Kim et al., 2006) . Furthermore, gene deletion studies have demonstrated that OmcT is not necessary for Fe(III) or Mn(IV) oxide reduction (Mehta et al., 2005) .
Another highly expressed gene in cells grown on Fe(III) and Mn(IV) oxides was pilA-N (GSU1496), which encodes the core domain 1 of geopilin, the structural protein of the type IV pili (Table 1 ). The pilA-C (GSU1497) gene, coding for a protein similar to the variable domain 2 of geopilin in other Geobacter species , was even more highly upregulated ( Table 2 ). The pilT-2 gene (GSU0230), encoding one of the four putative pilus retraction ATPases of G. sulfurreducens, was upregulated on both Fe(III) oxide and Mn(IV) oxide (Table 2) , and several other putative pilus biogenesis proteins were upregulated on Fe(III) oxide only (Table 3) : pilL (GSU2039), pilY1-2 (GSU2038), fimU (GSU2037), pilV-2 (GSU2036) and pilM (GSU2032); or on Mn(IV) oxide only (Table 4) : pilP (GSU2029) and pilQ (GSU2028). The upregulation of pilus biogenesis genes is consistent with the proposed route of electron transfer along pili to OmcS to Fe(III) and Mn(IV) oxides (Leang et al., 2010; .
Many genes in the pilA-C-adjacent extracellular polysaccharide (xap) gene cluster (GSU1498-GSU1508), which has been shown to be involved in biofilm formation (Rollefson et al., 2009) , were significantly upregulated in Fe(III) oxide-grown cells (Table S2) ; however, only the putative methyltransferase gene xapI (GSU1506) also had increased transcript abundance during growth on Mn(IV) oxide (Table S4 ). The xapD gene (GSU1501) coding for the ATPase subunit of an inner membrane transporter complex, which had significantly more transcripts in Fe(III) oxide-grown cells (Table 1) , is required for the reduction of anodes and Fe(III) oxide, is likely to be involved in attachment of G. sulfurreducens to metal oxides and in cell-cell agglutination and possibly facilitates the localization of essential cytochromes beyond the Geobacter outer membrane (Rollefson et al., 2011 ). An extra copy of the xapABCDEFGH genes next to plasmid-borne pilA-N and pilA-C genes enabled secretion of geopilin in two pilA-N mutant backgrounds (Richter et al., 2012) , suggesting that geopilin could be a substrate for the glycosylation functions predicted for xap gene products. The signal peptides of the PilA-N and PilA-C preproteins are Pil-type and Sec-type, respectively, indicating that they are translocated to the periplasm separately , and it is tempting to speculate that this permits one or both proteins to be modified by glycosylation before assembly into a geopilin filament. Future studies should evaluate (1) whether geopilin filaments are glycosylated; (2) whether the role of geopilin in Fe(III) oxide reduction is more dependent upon post-translational modification than its role in Mn(IV) oxide reduction; (3) whether any xap genes are required for post-translational modification of geopilin; and (4) whether any xap genes are as important for Mn(IV) oxide reduction as xapD is for Fe(III) oxide reduction.
The abundance of transcripts for the outer surface c-type cytochrome OmcE (GSU0618) was three times higher in Fe(III) oxide-grown cells than in cells grown on Fe(III) citrate, but omcE transcripts were not elevated in cells grown on Mn(IV) oxide (Table 1) . Previous studies showed that deletion of omcE resulted in temporary inhibition of Fe(III) and Mn(IV) oxide reduction. In contrast to the omcS-deficient mutant, the omcE-deficient mutant adapted over time to reduce these metal oxides, suggesting that OmcE is not essential for Fe(III) or Mn(IV) reduction (Mehta et al., 2005) . Immunogold localization studies show that OmcE is much less abundant than OmcS in Fe(III) oxide-grown cells and that, unlike OmcS, OmcE is not localized along pili (K. Flanagan, unpublished results), consistent with the less significant role of OmcE in insoluble metal reduction.
OmcB (GSU2737), a dodecahaem c-type cytochrome that is embedded in the outer membrane of G. sulfurreducens and partially exposed to the extracellular environment, is required for reduction of insoluble Fe(III) oxide Qian et al., 2007) . Microarray analysis indicated that the omcB transcript level was similar during growth on both Fe(III) oxide and Fe(III) citrate. The results of the microarray analysis are consistent with proteomic studies indicating that OmcB protein concentrations were similar during growth on the two electron acceptors (Ding et al., 2008) , as well as the finding that OmcB is important for the reduction of Fe(III) citrate as well as Fe(III) oxide , both of which are reduced at the cell surface . Over time, omcB-negative cells adapt to reduce Fe(III) citrate and begin to grow, but cell yields are significantly lower than for the wild-type strain . Collectively, these results suggest that OmcB may be the favoured route for electron transfer to the outer cell surface and provide a possible explanation for the similarity in the levels of omcB transcripts during growth on soluble and insoluble Fe(III). Mn(IV) oxide-grown cells had a 3.9-fold higher level of omcB transcripts than Fe(III) citrate-grown cells (Table 1) , but deletion of omcB did not affect growth on Mn(IV) oxide (Table 5) . These results are unexpected because the increased omcB expression seen during growth on Mn(IV) oxide compared with Fe(III) citrate would imply that omcB plays a more significant role in electron transfer to Mn(IV) oxide. The possible existence of multiple routes for electron transfer to Mn(IV), one being through OmcB, could account for this discrepancy. In contrast with omcB, the very similar omcC gene (GSU2731) that is dispensable for Fe(III) and Mn(IV) reduction was upregulated on both insoluble metal oxides (Table 2) .
A set of three genes, omcA (GSU2884), omcH (GSU2883) and omcG (GSU2882), coding for multihaem outer membrane c-type cytochromes, were also upregulated during growth on Fe(III) oxide, but only omcG was also upregulated in Mn(IV) oxide-grown cells (Tables 1, 2 and  3) . Strains in which either omcG or omcH was deleted are OmcB-deficient, despite the fact that the omcB gene is still transcribed at wild-type levels (Kim et al., 2006) . This result suggests that these two cytochromes may be required either for stabilization of OmcB or for efficient translation of omcB transcripts. Consistent with the importance of OmcB for reduction of Fe(III) oxide but not Mn(IV) oxide, deletion mutants of omcG and omcH had a phenotype of impaired growth on Fe(III) oxide, but no phenotype on Mn(IV) oxide (Table 5 and Fig. 1) . A deletion mutant of omcA had no phenotype. Previous studies showed impaired reduction of soluble Fe(III) by a double mutant OmcF (GSU2432) is another monohaem outer membrane c-type cytochrome that is required for OmcB expression (Kim et al., 2005) ; deletion of the omcF gene impairs transcription of omcB. In contrast to omcG and omcH, omcF was not differentially expressed during growth on metal oxides. Previous studies have shown that soluble Fe(III) reduction is impaired in the omcF deletion mutant strain (Kim et al., 2005) . In this study, loss of OmcF significantly impaired growth on Fe(III) oxide but not Mn(IV) oxide (Table 5 and Fig. 1 ). This result is consistent with OmcB being specifically required for Fe(III) oxide reduction but not for Mn(IV) reduction.
The genome of G. sulfurreducens contains four genes that code for multicopper oxidase proteins including OmpB (GSU1394) and OmpC (GSU2657). OmpC is related to MofA from Leptothrix discophora, which has been implicated in manganese oxidation (Corstjens et al., 1992; El Gheriany et al., 2009) , whereas OmpB resembles the laccase CotA of Bacillus subtilis (Enguita et al., 2003; Hullo et al., 2001) . In G. sulfurreducens, OmpB is localized within the extracellular matrix (Qian et al., 2007) and OmpC is predicted to have a similar localization . Thus, both proteins would be able to access and potentially transfer electrons to insoluble electron acceptors. In fact, previous gene deletion studies in G. sulfurreducens suggested that these proteins play a role in Fe(III) and/or Mn(IV) oxide reduction Mehta et al., 2006) . Microarray analysis revealed that ompB and ompC transcripts were both upregulated during growth on the two insoluble electron acceptors, and were more abundant during growth on Mn(IV) than on Fe(III) oxide (Tables 1 and 2 ). This suggests that both proteins are important for the reduction of insoluble electron acceptors and that they may be particularly crucial for Mn(IV) reduction. In fact, deletion of the ompB gene completely inhibited growth on both insoluble Fe(III) and Mn(IV) oxide, without affecting growth on either soluble Fe(III) citrate or fumarate (Mehta et al., 2006) . Deletion of ompC significantly impaired growth on Fe(III) oxide but did not affect growth on Mn(IV) oxide . Collectively, these results (Table 5) suggest that OmpB is critical for both Fe(III) and Mn(IV) oxide reduction and that, in spite of its expression pattern, ompC plays a much less important role. A double mutant of omcB and ompC might be informative regarding the possible existence of parallel routes of electron transfer to Mn(IV) oxide.
A putative outer membrane channel protein, OmpJ (GSU3304), has also been shown to be required for the reduction of soluble and insoluble Fe(III) and Mn(IV) (Afkar et al., 2005) , and was abundant in the proteome of Fe(III) oxide-grown cells (Ding et al., 2008) . However, ompJ was not differentially expressed during growth on Mn(IV), and was downregulated fourfold during growth on Fe(III) oxide (Table 1) . These results suggest that OmpJ may have an indirect effect on electron transfer to metals, perhaps because it is critical for maintenance of the integrity of the periplasmic space where post-translational modifications of outer membrane electron transport components can occur.
Previous studies have shown that the periplasmic c-type cytochrome protein PpcA (GSU0612) is required for efficient reduction of soluble Fe(III) citrate (Lloyd et al., 2003) . This study showed that the ppcA gene was downregulated 6.5-fold during growth on Fe(III) oxide compared with Fe(III) citrate (Table 1) and that the PpcAdeficient strain grew as well as the wild-type on Fe(III) oxide (Table 5 ). These results suggest that PpcA might be more important for reduction of soluble Fe(III) than insoluble Fe(III). In contrast, ppcA was upregulated during growth on Mn(IV) oxide (Table 1) . However, the ppcA deletion mutant strain did not have a phenotype during growth on Mn(IV) oxide ( (Table 5 and Fig. 1 ). PccH is also required for G. sulfurreducens to accept electrons from a poised cathode in a microbial fuel cell (Strycharz et al., 2011) . Further investigation into the role of PccH in insoluble Fe(III) oxide reduction is necessary.
Additional electron transport genes upregulated during growth on both Fe(III) and Mn(IV) oxides
A total of 28 genes coding for proteins involved in electron transport were significantly upregulated during growth on both Fe(III) and Mn(IV) oxides compared with growth on soluble Fe(III) citrate (Table 2) . Of these genes, 16 code for putative c-type cytochromes: seven that are predicted to be localized in the outer membrane and nine that are predicted to be periplasmic (Table 2) . One of these putative periplasmic c-type cytochromes, CbcD (GSU0591), is encoded by the same predicted operon as a b-type cytochrome CbcB (GSU0593), a membrane protein CbcE (GSU0590) and two other c-type cytochromes CbcA and CbcC (GSU0594, GSU0592), an arrangement that suggests that the five proteins function together as a menaquinol : ferricytochrome c oxidoreductase (the Cbc5
Anaerobic respiration of insoluble metal oxides complex) in the electron transfer pathway outward to insoluble electron acceptors. The genes cbcA and cbcB were significantly upregulated only in Fe(III) oxide-grown cells (Table 3) . Although cbcC was not differentially expressed in any of the microarrays, deletion mutant studies showed that CbcC is essential for electron transfer to insoluble Fe(III) but not Mn(IV) ( Table 5 and Fig. 1 ). The CbcC protein contains four c 7 -type trihaem cytochrome domains and shares 40 % sequence identity with another c-type cytochrome of G.
sulfurreducens that folds into a crescent-shaped nanowire of 12 haems (Morgado et al., 2012; Pokkuluri et al., 2011) .
Two other genes that are upregulated on both insoluble metal oxides encode a b-type cytochrome CbcU (GSU0070) and iron-sulfur cluster-binding protein CbcT (GSU0069) ( *These strains were tested in this study. DThese strains were tested in previous studies. Anaerobic respiration of insoluble metal oxides (Table 3) but downregulated on Mn(IV) oxide (Table S5) ; CbcS protein concentrations are also higher during growth on Fe(III) oxide compared with growth on Fe(III) citrate (Ding et al., 2008) . When cbcS was deleted, mutant strains grew as well as the wild-type strain, indicating that cbcS is not essential for dissimilatory Fe(III) or Mn(IV) reduction (Table 5 ). Further investigation is required to prove the existence of the predicted Cbc5 and Cbc4 complexes and their hypothesized involvement in parallel pathways of electron transfer to insoluble metal oxides.
Menaquinol : ferricytochrome c oxidoreductases couple electron transfer to the generation of a proton gradient across the inner membrane through either a Q loop or a Q cycle (Trumpower, 1990) . A total of four such complexes (Cbc5, Cbc6, Cbc4, Cbc3) are predicted from the G. sulfurreducens genome, as well as a fifth enzyme (Cbc1) consisting of fused c-type and b-type cytochrome domains in a single protein. Only the cbcY gene (GSU0274) that codes for Cbc1 is downregulated during growth on both insoluble oxides (Tables S3 and S5 ).
GSU2210 codes for an unusually large periplasmic c-type cytochrome with 27 putative haem-binding sites. The transcript level for this gene was greater during growth on both metal oxides (Table 2) , and proteomic studies have shown that this protein is more abundant in Fe(III) oxidegrown cells (Ding et al., 2008) . Deletion mutants have not yet been constructed to determine the significance of this large periplasmic c-type cytochrome in Fe(III) or Mn(IV) reduction.
The dihaem c-type cytochrome gene dhc2 (GSU2927) was upregulated on both insoluble metal oxides (Table 2) . Every Geobacter genome contains a homologue of dhc2, and the structure of the Dhc2 protein has been solved with X-ray crystallography (Heitmann & Einsle, 2005 . However, Dhc2 was not more abundant in the proteome of Fe(III) oxide-grown cells (Ding et al., 2008) , and no deletion mutant is available to test for Fe(III) or Mn(IV) reduction.
Another gene coding for a periplasmic c-type cytochrome with eight haem-binding sites, PccF (GSU2201), showed increased expression during growth on both insoluble metal oxides (Table 2 ). The pccF gene is highly conserved and is present in all but one of the Geobacter genomes that have been sequenced to date, suggesting that it is likely to be important for electron transfer in the Geobacteraceae family. However, when pccF was deleted, growth was similar to that of the wild-type strain on all electron acceptors that were tested (Table 5) .
Two genes that code for periplasmic dihaem cytochrome c catalase and peroxidase proteins (cccA GSU2811 and ccpA GSU2813, respectively) were upregulated on both insoluble metal oxides (Table 2 ). In other bacterial species, these proteins are thought to protect the bacterial cell from oxidative damage caused by hydrogen peroxide or the peroxide-based formation of hydroxyl radicals via the Fenton reaction (Touati, 2000) . Although our experiments were conducted under strictly anaerobic conditions, there is a possibility that hydrogen peroxide could be formed as a by-product of the single-electron reduction of Fe(III) oxyhydroxide (formula 3?FeOOH) to magnetite (Fe 3 O 4 ), which normally releases one water molecule and one hydroxide ion. Studies of a CcpA peroxidase in Shewanella have shown that this protein is abundant during dissimilatory Fe(III) reduction and that expression of this protein is important for efficient growth under Fe(III)-reducing conditions (Schuetz et al., 2009; Schütz et al., 2011) . However, genetic studies showed that the phenotype of the ccpA mutant strain of G. sulfurreducens was similar to that of the wild-type during growth on all tested electron acceptors (Table 5) . macA (GSU0466), encoding a second peroxidase that is very similar to CcpA and capable of electron transfer to PpcA, a c-type cytochrome that is important for growth on Fe(III) citrate (Seidel et al., 2012) , is upregulated only on Mn(IV) oxides (Table 4) ; however, a knockout of macA resulted in impaired growth on soluble and insoluble Fe(III) but not on Mn(IV) oxide (Table 5 and Fig. 1 ). The similarity in expression patterns and mutant phenotypes between MacA and OmcB suggests that they may function in the same or similar routes of electron transfer.
The hyaB and hyaS genes (GSU0121 and GSU0123) that code for subunits of a [NiFe]-hydrogenase complex called Hya were upregulated during growth on both metal oxides compared with growth on soluble Fe(III) ( Table 2) , and the hyaL gene (GSU0122) encoding the remaining subunit was upregulated on Mn(IV) oxide (Table 4 ). Previous microarray studies suggest that Hya is involved in recycling hydrogen evolved as a by-product of nitrogen fixation , a process that appears to occur in Fe(III) oxide-grown cells (Holmes et al., 2009 ). In addition, recent genetic studies indicate that Hya plays a role in resistance to oxidative stress, presumably by catalysing hydrogen-dependent reduction of oxygen via menaquinone (Tremblay & Lovley, 2012) . The upregulation of Hya is thus consistent with upregulation of catalase, which produces oxygen from hydrogen peroxide. Expression of Hya does not appear to be critical for acetate-dependent Fe(III) or Mn(IV) reduction as none of the hya deletion mutant strains displayed a phenotype during growth on Fe(III) or Mn(IV) ( Table 5) .
GSU0746 codes for a c-type cytochrome P460 similar to those of methanotrophs that oxidize hydroxylamine to nitrite (Bergmann et al., 1998) . Although G. sulfurreducens was grown under strictly anaerobic conditions in these experiments, the upregulation of so many genes typically associated with responses to oxidative and nitrosative stress strongly suggests that reactive oxygen and nitrogen species may be formed during growth on insoluble metal oxides.
Transcripts for a putative outer membrane c-type cytochrome with 15 haem-binding sites, OmcV (GSU2724), were 3.4-5.4-fold more abundant during growth on both M. Aklujkar and others of the insoluble electron acceptors (Table 2 ). This result was consistent with proteomic studies, which demonstrated that OmcV was more abundant in the proteome of Fe(III) oxide-grown than Fe(III) citrate-grown cells (Ding et al., 2008) . Genetic analyses performed as part of this study indicated that OmcV is not required for reduction of soluble Fe(III) citrate, fumarate or Mn(IV) oxide, but growth on Fe(III) oxide was significantly impaired when omcV was deleted (Table 5 and Fig. 1) . Collectively, these results suggest that OmcV is specifically involved in growth on Fe(III) oxide. The yedY gene (GSU2723) adjacent to omcV encodes the catalytic subunit of a periplasmic sulfoxide reductase; yedY was upregulated on Fe(III) oxide (Table 3 ), suggesting that like omcV, it should be investigated for a possible function in Fe(III) oxide reduction.
Electron transport genes only upregulated in Fe(III) oxide-grown cells
There were 38 genes coding for electron transport proteins that were only upregulated in G. sulfurreducens during growth on Fe(III) oxide (Table 3) . These electron transport proteins include 25 different c-type cytochromes: nine of these are likely to be localized in the outer membrane and 16 in the periplasm. In addition to Cbc5 and Cbc4, for which some putative structural genes are upregulated on both insoluble oxides, genes assigned to two more putative menaquinol : ferricytochrome c oxidoreductase complexes were upregulated specifically on Fe(III) oxide.
Cbc3 is a predicted complex of a b-type cytochrome CbcW (GSU1649), an iron-sulfur cluster-binding protein CbcV (GSU1650) and a c-type cytochrome CbcX (GSU1648). The cbcV and cbcX genes were upregulated on Fe(III) oxide (Table 3) . Deletion of cbcV resulted in a 2.5-fold decrease in Fe(III) reduction rates (Table 5 and Fig. 1) ; however, deletion of cbcX had no effect.
Cbc6 is a predicted complex of a b-type cytochrome CbcP (GSU2932), membrane protein CbcQ (GSU3620), ironsulfur cluster-binding protein CbcO (GSU2933) and three c-type cytochromes CbcM (GSU2935), CbcN (GSU2934) and CbcR (GSU2930). Upregulation of cbcP, cbcN and cbcR was observed on Fe(III) oxide (Table 3) and CbcN and CbcR were also more abundant in the proteome of Fe(III) oxide-grown cells (Ding et al., 2008) . These changes suggest that Cbc5, Cbc4, Cbc3 and Cbc6 represent four different electron transfer pathways from menaquinol via c-type cytochromes that all ultimately lead to Fe(III) oxide. At the same time, downregulation of cbcP on Mn(IV) oxide (Table S5) suggests that electron transfer through the putative Cbc6 complex may not be a pathway to Mn(IV) oxide. Further research is necessary.
The most highly upregulated gene on Fe(III) oxide (4.6-fold) but not Mn(IV) oxide codes for PccG (GSU3226), a putative periplasmic c-type cytochrome with 12 haem groups (Table 3) ; however, deletion mutation studies indicated that PccG is not important for iron reduction (Table 5) .
Two periplasmic c-type cytochrome genes, nrfA (GSU3154) and nrfH (GSU3155), which together encode a menaquinol-oxidizing nitrite reductase (Rodrigues et al., 2006) that detoxifies nitrite, nitric oxide, hydroxylamine and hydrogen peroxide (Kern et al., 2011) , were also upregulated on Fe(III) oxide (Table 3) , consistent with the upregulation of other genes coding for proteins involved in oxidative and nitrosative stress responses. Transcriptomic analyses of G. uraniireducens grown with Fe(III)-containing sediments as the electron acceptor also showed upregulation of NrfA and NrfH (Holmes et al., 2009) . Studies have shown that nrfA is important for Fe(III) reduction in Desulfovibrio desulfuricans and Shewanella oneidensis (Barton et al., 2007; Shi et al., 2007) . However, genetic studies indicate that neither NrfA nor NrfH is required for Fe(III) reduction by G. sulfurreducens (Table 5 ). It should also be considered that this increased expression of nrfA and nrfH may be related to nutrient limitation associated with the Fe(III) oxide medium, as increased expression of NrfA and NrfH has been associated with nitrogen limitation (Bulen & LeComte, 1966; Hageman & Burris, 1978) .
Five other genes that were upregulated on Fe(III) oxide were deleted: omcL (GSU2204), pccJ (GSU2494), omcN (GSU2898), omcO (GSU2912) and omcP (GSU2913). pccJ is a frameshifted gene that is intact in the KN400 strain, another wild-type isolate of G. sulfurreducens (Butler et al., 2012) , but in the DL1 wild-type that was used in these experiments, the frameshift is predicted to result in a truncated protein with only 10 of the full 16 haem-binding sites. Monohaem c-type cytochrome OmcL, predicted to form a beta-barrel in the outer membrane, and the decahaem c-type cytochrome encoded by the adjacent omcK gene (GSU2203), which was also deleted, resemble MtrB and MtrA of Shewanella species, which are thought to interact with an extracellular electron shuttle (Hartshorne et al., 2009) . None of the six deletion mutants differed from the wild-type during growth on soluble or insoluble electron acceptors (Table 5) . However, deletion mutants of two hexahaem c-type cytochrome genes, omcJ (GSU0701) and omcM (GSU2294), which were not differentially expressed, both showed impaired growth on insoluble Fe(III) but not soluble Fe(III) ( Table 5 and Fig. 1 ).
Upregulation of the hcp gene (GSU0674), which encodes the iron-sulphur-oxygen hybrid cluster protein that is thought to detoxify an unidentified reactive compound in response to nitrous oxide stress (Filenko et al., 2005) , again indicates that oxidative and nitrosative stress may occur during growth on Fe(III) oxide (Table 3) . Transcripts of hcp and the Hcp protein were also more abundant in Shewanella when Fe(III) was provided as an electron acceptor than when oxygen was provided (Beliaev et al., 2002) .
Anaerobic respiration of insoluble metal oxides
Electron transport genes only upregulated in Mn(IV) oxide-grown cells A total of 33 genes coding for electron transport proteins were only upregulated in G. sulfurreducens during growth on Mn(IV) oxide (Table 4 ). Among these, 12 genes are predicted to encode c-type cytochromes: five in the outer membrane and seven in the periplasm.
Gene deletion studies have suggested that the outer membrane surface c-type cytochrome OmcZ (GSU2076) is important for growth on current-harvesting anodes (Inoue et al., 2010 Nevin et al., 2009; Richter et al., 2009) . omcZ was upregulated during growth on Mn(IV) oxide but not Fe(III) oxide (Table 4) . Surprisingly, the omcZ deletion mutant strain grew as well as the wild-type on both insoluble metal oxides (Table 5 ).
The omcB and omcC genes, discussed above, are each cotranscribed with two genes that encode a putative outer membrane beta-barrel protein (ombB, GSU2739 and ombC, GSU2733, 100 % identical in sequence) and a ctype cytochrome (omaB, GSU2738 and omaC, GSU2732, 100 % identical in sequence). OmaB/OmaC were primarily associated with the outer membrane fraction of cells grown on fumarate (Ding et al., 2006) and were more abundant in the proteome of Fe(III) oxide-grown cells than Fe(III) citrate-grown cells (Ding et al., 2008) . Surprisingly, expression of the omaB/omaC genes was not upregulated on Fe(III) oxide, although it was almost tenfold higher during growth on Mn(IV) oxide (Table 4) and expression of ombB/ombC was upregulated on both insoluble oxides (Tables S2 and S4 ). These results suggest that inhibition of omaB/omaC transcript translation into protein may account for the low abundance of OmaB/OmaC protein in Fe(III) citrate-grown cells, although further investigation is required.
The genes coding for the periplasmic c-type cytochromes MacA (GSU0466), PpcA (GSU0612), PpcD (GSU1024), PgcA (GSU1761) and PccR (GSU3218) were also upregulated only on Mn(IV) oxide (Table 4) . It has been shown that both MacA and PpcA are involved in the reduction of soluble Fe(III) Kim & Lovley, 2008; Lloyd et al., 2003) and U(VI) (Lloyd et al., 2003; Shelobolina et al., 2007) ; however, deletion of either of these genes did not affect Mn(IV) reduction-dependent growth (Table 5 ). Expression of ppcD was fivefold higher on Mn(IV) oxide (Table 4) , and in proteomic studies, PpcD was more abundant in Fe(III) oxide-grown than in Fe(III) citrate-grown cells (Ding et al., 2008) . However, when ppcD was deleted, cells grew as well as the wild-type strain on both insoluble metal oxides (Table 5 ). It is possible that other periplasmic c-type cytochromes can substitute for PpcD, or conversely that the level of PpcD increases to fill periplasmic spaces vacated by other c-type cytochromes. Intriguingly, the ppcD mutant strain grew 1.5 times faster than the wild-type strain when Fe(III) citrate was provided as the electron acceptor (Table 5 ). This result suggests that PpcD detracts from electron transfer to soluble Fe(III). Deletion of the pgcA gene in the wild-type strain (DL1) examined in this study did not have an effect on Fe(III) or Mn(IV) oxide reduction (Table 5) . However, previous studies have shown that this cytochrome is involved in rapid Fe(III) oxide reduction in two adapted G. sulfurreducens strains (Tremblay et al., 2011) , and increased PgcA protein concentrations were observed in cells grown with insoluble Fe(III) oxide compared with soluble Fe(III) citrate (Ding et al., 2008) . Mutant strains targeting the pccR gene have not yet been constructed; therefore, the significance of PccR in Mn(IV) reduction cannot yet be determined. However, further investigations into this protein's role in Mn(IV) oxide reduction are warranted.
A gene (GSU0358) that codes for a protein resembling the iron-sulfur cluster-binding subunit of a periplasmic nitrate reductase (Kern & Simon, 2009 ) was upregulated during growth on Mn(IV) oxide (Table 4) . No catalytic subunit of periplasmic nitrate reductase was found in G. sulfurreducens; the adjacent cytochrome c nitrite reductase gene (GSU0357) is not differentially regulated, and the significance of upregulation of GSU0358 is unclear because neither nitrite nor nitrate was present in the cultures.
A gene coding for a nitroreductase-like family 3 protein (GSU0217) was also upregulated during growth on Mn(IV) oxide ( The upregulation of several genes that code for subunits of one NADH dehydrogenase, all three genes for subunits of succinate dehydrogenase (Butler et al., 2006) and sfrA (GSU0509), which codes for an NADPH oxidoreductase subunit (Table 4) , is notable because all three of these enzyme complexes are thought to transfer electrons directly to menaquinone during oxidation of acetate. The significance of this pattern may be elucidated by further studies.
Comparison of G. sulfurreducens and G. uraniireducens microarray results
In order to evaluate conservation among the Geobacteraceae of electron transport proteins that appear to be important for Fe(III) and Mn(IV) reduction by G. sulfurreducens and to compare electron transport mechanisms utilized by G. sulfurreducens to those of an environmentally relevant Geobacter species, microarray results from G. sulfurreducens were compared with those from G. uraniireducens. Previous studies have compared transcript abundance on a whole-genome scale during growth of G. uraniireducens with sterile subsurface sediments versus fumarate (Holmes et al., 2009) or with Fe(III) and Mn(IV) oxides versus fumarate (Holmes et al., 2012) . A total of 45 genes coding for potential electron transport proteins were significantly upregulated in G. uraniireducens cells grown with Fe(III) oxide, Mn(IV) oxide, or sediments as the electron acceptor compared with fumarate (Table 6) . Of these genes, 58 % have homologues in the G. sulfurreducens genome and 76 % of these homologous genes had significantly higher transcript levels in G. sulfurreducens cells grown with Fe(III) or Mn(IV) oxide provided as the electron acceptor. Genes that have been shown to be important for Fe(III) reduction in G. sulfurreducens and are conserved in G. uraniireducens include cbcC (cbcJ in G. uraniireducens), cbcS, cbcV, cbcX, macA and ompB. It is likely that these proteins play a similar role in G. uraniireducens to that they play in G. sulfurreducens; however, further studies are necessary.
Differential expression of genes involved in nutrient limitation
Numerous genes indicative of nutrient limitation were differentially expressed during growth on the metal oxides. For example, a number of genes involved in nitrogen fixation (nif genes) were upregulated threefold to fourfold in microarray experiments comparing Fe(III) oxide-grown to Fe(III) citrate-grown cells (Table S2) . Genes indicative of phosphate limitation (pst regulon) were also upregulated 2-4.5-fold in Fe(III) oxide-grown cells (Table S2 ). In addition, both genes encoding Fe(II) transport proteins, feoB-1 and feoB-2, were upregulated about threefold in Fe(III) oxide-grown cells (Table S2) . Expression of these genes is indicative of Fe(II) limitation and they were upregulated in Geobacter growing on Fe(III) oxide in uranium-contaminated subsurface sediments .
The increased expression of genes responsive to nutrient limitation in G. sulfurreducens cells during growth on Fe(III) oxyhydroxide is interesting as there were significant concentrations of both ammonium and phosphate in the media (4.7 mM ammonium and 4.3 mM phosphate) and metabolism was donor-limited (10 mM acetate and 100 mM Fe(III) oxide). It is possible that Fe(III) oxide in the medium adsorbs nitrogen and phosphate and that only one-third of the Fe(III) is available for reduction (with magnetite as the end product), creating a nutrient-limiting environment. These results indicate that one should use caution when characterizing nutrient limitations in Fe(III)-reducing environments.
Many of these nutrient-indicator genes were not differentially expressed in Mn(IV) oxide-grown cells, suggesting that G. sulfurreducens is not limited for these nutrients during growth on laboratory-synthesized Mn(IV) oxyhydroxide. This information should help to identify nutrient limitations that might be hindering growth of Geobacter species both in the laboratory and in the environment. However, further investigation is required.
Implications
These results provide valuable insight into the mechanisms by which G. sulfurreducens transfers electrons to insoluble Fe(III) and Mn(IV) oxides. The global gene expression studies presented in this manuscript suggest that 38 % of the c-type cytochrome proteins encoded in the genome of G. sulfurreducens may be involved in the reduction of insoluble Fe(III) oxide and 27 % of the c-type cytochromes may be involved in insoluble Mn(IV) oxide reduction. A number of other electron transport proteins also appear to be important for reduction of these insoluble metal oxides. It was interesting to see that homologues of proteins that were important for Fe(III) and/or Mn(IV) reduction by G. sulfurreducens were upregulated during Fe(III) and/or Mn(IV) oxide reduction by the environmentally relevant Geobacter species, G. uraniireducens. Although the mechanisms involved in electron transfer by G. sulfurreducens and G. uraniireducens to insoluble metal oxides appear to be similar, one cannot assume that these mechanisms are utilized by other species within the genus. Conservation of c-type cytochrome genes across the Geobacter genus is poor overall (Butler et al., 2010) . In addition, many of the cytochromes that have been shown to be required for Fe(III) or anode reduction by G. sulfurreducens are not conserved among all of the Geobacteraceae .
Genetic studies outlined in this manuscript have also shown that many of these electron transport proteins are not required for reduction of insoluble metal oxides, indicating that there is considerable redundancy in the pathways utilized by G. sulfurreducens for electron transfer to Fe(III) oxide and/or Mn(IV) oxide. These results are similar to those observed when different G. sulfurreducens mutant strains were grown with humic substances or anthraquinone-2,6-disulfonate (AQDS) as an electron acceptor (Voordeckers et al., 2010) . Many of the cytochromes involved in electron transfer to Fe(III) and Mn(IV) oxides and anodes were also important for reduction of AQDS and humic substances. In addition, AQDS and humic substance reduction was impaired in strains deficient in individual cytochromes; complete inhibition was obtained only when five of these genes were knocked out simultaneously. These results suggest that diverse outer surface cytochromes are likely to contribute to the reduction of humic substances and other extracellular quinones in a manner similar to mechanisms utilized for the reduction of insoluble metal oxides.
A more complete understanding of the mechanisms behind electron transfer to insoluble metal oxides that are found in subsurface environments should help in the design of optimal strategies for bioremediation of toxic contaminants in the environment. The results presented here suggest that the physiological state of cells growing on metal oxides is significantly different from the state of cells growing on soluble electron acceptors. In addition, there appear to be differences among the pathways utilized by 
